Hematopoietic stem cells reside in the bone marrow and are defined by their capacity for the lifelong maintenance of blood and bone marrow, achieved through their differentiation into a myriad of cell types, as well as the regeneration of stem cells via self-renewal. The mechanisms that dictate a fate of differentiation versus self-renewal are still poorly understood. A number of transcription factors involved in the maintenance of HSC function have been identified; however, there is little insight into how epigenetic mechanisms orchestrate the activities of these factors to ensure blood homeostasis.
A r t i c l e s
Hematopoietic stem cells reside in the bone marrow and are defined by their capacity for the lifelong maintenance of blood and bone marrow, achieved through their differentiation into a myriad of cell types, as well as the regeneration of stem cells via self-renewal. The mechanisms that dictate a fate of differentiation versus self-renewal are still poorly understood. A number of transcription factors involved in the maintenance of HSC function have been identified; however, there is little insight into how epigenetic mechanisms orchestrate the activities of these factors to ensure blood homeostasis.
DNA methylation of CpG dinucleotides is a key epigenetic modification that influences tissue-and context-specific gene expression 1 . CpG methylation is catalyzed by a family of DNA methyltransferase enzymes comprising three members-Dnmt1, Dnmt3a and Dnmt3b 2 . Studies of mouse mutants have shown that these factors are essential for normal embryonic development, as their absence results in death from the ten-somite stage to 4 weeks after birth, depending on which Dnmt gene is inactivated and how this inactivation was achieved 3 . Whereas the Dnmt1 methyltransferase is thought to be principally involved in the maintenance of pre-existing methylation 4 , Dnmt3a and Dnmt3b act as de novo methyltransferases, modifying unmethylated DNA 3 . Embryonic stem (ES) cells lacking both Dnmt3a and Dnmt3b progressively lose differentiation potential with cell passage 5 , although the potential for self-renewal is maintained.
The role of DNA methylation in somatic stem cells has recently begun to surface. In neural progenitors, Dnmt3a has been shown to enable the expression of neurogenic genes through gene-body methylation 6 . In HSCs, loss of Dnmt1 leads to nearly immediate and complete loss of HSC activity in vivo 7 , and HSCs from mice with impaired Dnmt1 activity cannot suppress key myeloerythroid regulators and cannot differentiate into lymphoid progeny 8 . Loss of Dnmt3a or Dnmt3b alone was thought to have no impact on HSC function 9 ; however, loss of both together was reported to abolish selfrenewal but maintain the capacity for differentiation 9 . Given recent reports of DNMT3A mutations in over 20% of individuals with acute myeloid leukemia (AML) [10] [11] [12] and around 10% of those with myelodysplastic syndrome (MDS) 13 , we re-evaluated the role of Dnmt3a in hematopoiesis.
RESULTS

Expression and function of Dnmt3a in HSCs
In the hematopoietic system, Dnmt3a expression was highly enriched in the most primitive long-term HSCs (LT-HSCs) Dnmt3a is essential for hematopoietic stem cell differentiation A r t i c l e s compared to progenitors and differentiated cells (Fig. 1a) . To investigate the function of Dnmt3a in hematopoiesis, we generated inducible conditional knockout mice by crossing mice carrying a loxP-flanked (floxed) copy of the gene (Dnmt3a fl/fl mice) 14 with mice carrying the Mx1-Cre driver. To examine the result of Dnmt3a loss in HSCs independent of possible effects on the niche, purified HSCs were transplanted into wild-type recipients before the induction of Dnmt3a deletion, with 250 Mx1-Cre + ;Dnmt3a fl/fl HSCs (side population + c-Kit + , lineage − , Sca-1 + ) transplanted along with 250 × 10 3 whole bone marrow (WBM) cells from distinguishable wild-type mice. Four weeks after transplantation, Dnmt3a deletion was induced by injection with polyinosinic-polycytidylic acid (pIpC). Control mice throughout this study (unless otherwise specified) consisted of Dnmt3a fl/fl littermates lacking Mx1-Cre, which were treated identically to experimental mice, including receiving injections of pIpC to control for interferon-mediated effects 15 . We cannot exclude the possibility of minor Dnmt3a-independent effects from the Mx1-Cre transgene. Analysis of pIpC-treated, donor-derived HSCs or bone marrow showed efficient Dnmt3a mRNA ablation and no detectable full-length or truncated protein (Supplementary Fig. 1 ).
Monthly analysis of test cell contribution to peripheral blood generation in primary recipients revealed no differences between mice transplanted with Dnmt3a-null or control HSCs ( Supplementary  Fig. 2 ). Although Dnmt3a was ablated, we reasoned that the DNA methylation already present might not be eliminated unless the HSCs divided. Thus, we forced stem cell turnover by transplanting the HSCs into secondary recipients. We purified Dnmt3a-null or control HSCs from primary recipients and transferred 250 of each to secondary recipients along with fresh wild-type competitor WBM cells. In this context, Dnmt3a-null HSCs exhibited a substantially greater contribution to peripheral blood production compared to control HSCs (Fig. 1b) . The Dnmt3a-null HSCs retained multilineage engraftment, with a slight bias toward B-cell differentiation relative to controls (Fig. 1c) .
Analysis of the bone marrow 18 weeks later revealed a striking increase in the number of phenotypically defined HSCs in the recipients of Dnmt3a-null HSCs. The approximate doubling of peripheral blood production was accompanied by a >7-fold increase in HSC numbers in mice transplanted with Dnmt3a-null cells (Fig. 1d,e) . Whereas in recipients of control HSCs, ~35-60% of the regenerated HSCs were derived from the test cells, in recipients of Dnmt3a-null HSCs, over 90% of the HSC pool was comprised of HSCs derived from the transplanted Dnmt3a-null cells, regardless of the criteria used for HSC identification (Fig. 1f) . The wild-type WBM competitor cells generated approximately 5,000 HSCs in the bone marrow of mice transplanted with either control or Dnmt3a-null HSCs. Whereas control HSCs generated 3,000-5,500 HSCs in each recipient per 250 input HSCs, transplantation of 250 purified Dnmt3a-null HSCs generated 40,000-85,000 HSCs per mouse.
This dominance of the HSC pool by cells derived from Dnmt3a-null HSCs was not matched by a similar contribution of these HSCs to the quantity or proportion of the immediate downstream 
A r t i c l e s progenitors ( Fig. 1g and Supplementary Table 1 ), indicating that the effect of Dnmt3a loss was largely restricted to the most primitive HSCs. Expansion of Dnmt3a-null HSCs in vivo could not be attributed to enhanced proliferation (Fig. 2a,b and Supplementary Fig. 3 ) nor to exceptional resistance to apoptosis (Fig. 2c) . Nevertheless, the function of Dnmt3a-null HSCs was not normal: compared to control mice, blood production was not proportional to the representation of cognate HSCs in the marrow, suggesting a possible differentiation defect.
Dnmt3a loss impairs long-term HSC differentiation in vivo
The potential differentiation defect in Dnmt3a-null HSCs was reminiscent of ES cells deficient for both Dnmt3a and Dnmt3b. Self-renewal of ES cells lacking both of these genes is maintained, but these cells lose the ability to differentiate with serial passage 5 . To test whether HSCs lacking Dnmt3a would behave similarly, we purified 250 secondary HSCs and transplanted them into tertiary recipients, effectively passaging them in vivo. Although the differentiation capacity of both control and Dnmt3a-null HSCs declined, Dnmt3a-null HSCs continued to show modestly enhanced peripheral blood generation (Fig. 3a) , with contribution to all lineages ( Supplementary  Fig. 2b ). However, Dnmt3a-null HSCs again regenerated remarkable numbers of HSCs, with an average of 50-fold more HSCs derived from Dnmt3a-null cells than from their control counterparts (Fig. 3b) . This trend continued in quaternary recipients (Fig. 3a-c) . The effect of Dnmt3a loss on HSC activity was cell autonomous, as Dnmt3a-null HSCs showed higher in vitro colony-forming activity compared to control HSCs after each stage of transplantation ( Supplementary  Fig. 4a ). PCR analysis of single HSC-derived colonies showed highly efficient Dnmt3a deletion ( Supplementary Fig. 4b,c) .
Together, these data suggested a crucial role for Dnmt3a in the choice between differentiation and self-renewal. Whereas Dnmt3a-null HSCs contributed more to blood production compared to control HSCs, the observed increase in contribution was not proportional to the robust expansion of HSCs derived from Dnmt3a-null cells in the bone marrow (Supplementary Fig. 5 ). To quantify these HSC characteristics, we calculated HSC amplification (the number of donorderived HSCs recovered at the end of transplantation per original input HSC, or the 'self-renewal quotient') and differentiation capacity (16-week white blood cell count per microliter of blood multiplied by the percentage of test cell chimerism and divided by the number of donor-derived HSCs, or the 'differentiation quotient') ( Fig. 3d and Supplementary Table 2 ). This analysis showed that control HSCs exhibit a gradual decline in both differentiation and self-renewal after each successive round of serial transplantation. In contrast, the in vivo differentiation capacity of Dnmt3a-null HSCs declined sharply, but their self-renewal potential amplified after secondary transplantation and was sustained, showing no decrease even after four rounds A r t i c l e s of transplantation. These data suggest that Dnmt3a loss particularly affects LT-HSCs, such that in the absence of Dnmt3a, cell division is more likely to result in self-renewal rather than differentiation.
Dnmt3a loss in HSCs results in both hyper- and hypomethylation
We began to investigate the mechanisms through which Dnmt3a enables HSC differentiation by examining DNA methylation alterations in Dnmt3a-null HSCs. Comparison of global 5-methylcytosine (5mC) levels by high-performance liquid chromatography-mass spectrometry (HPLC-MS) between transplanted control and Dnmt3a-null HSCs showed no overall difference in the level of 5mC in the whole genome (Fig. 4a) . To investigate methylation differences in specific genomic regions, we performed reduced representation bisulfite sequencing (RRBS), which enables quantitative methylation analysis of relatively small cell numbers 16, 17 , comparing transplanted control and Dnmt3a-null HSCs (Supplementary Table 3 ). For each genotype, two RRBS replicates with high correlation (~0.98; Supplementary Table 4) were analyzed (the final DNA methylation map is a composite of the data from the two biological replicates). The mean methylation ratio was not different between Dnmt3a-null and control HSCs, an observation in agreement with the HPLC-MS data.
In the composite methylation map, ~1 million CpGs, termed covered CpGs, had at least tenfold coverage in both control and Dnmt3a-null samples. Although covered CpGs only make up 5% of the total 21.3 million CpGs in the mouse genome, ~5 of 6 CpG islands (CGIs) and two-thirds of promoters had more than three covered CpGs (Supplementary Fig. 6 ). This coverage allowed the examination of differential DNA methylation throughout various genomic features; for this analysis, we defined a change of ≥33% to indicate a differentially methylated CpG (DMC) 16 . Whereas some genomic features showed the expected loss of methylation (hypomethylation) following Dnmt3a ablation, some regions showed a notable increase in methylation (hypermethylation) (Fig. 4b) . When all DMCs were considered, approximately 58% showed hypermethylation, and 42% were hypomethylated. CpG-rich and CpG-poor regions were affected differently. Within CGIs, nearly 95% of DMCs became hypermethylated in Dnmt3a-null HSCs (Fig. 4b) . Regulatory regions (for example, promoters) lacking CGIs were 3-7 times more susceptible to alterations in DNA methylation than their CGI-containing counterparts (Supplementary Table 5 ). DMCs in CGI-associated promoters similarly tended to be hypermethylated, whereas DMCs in promoters without CGIs were in general equally likely to become hypo-or hypermethylated (Supplementary Fig. 7) . This relationship between local CpG density and Dnmt3a-dependent methylation held true for many genomic features (Supplementary Fig. 7) .
Because it seemed counterintuitive that loss of the Dnmt3a DNA methyltransferase enzyme would lead to hypermethylation of CGIs, we verified the hypermethylation of some of the gene-associated CGIs in Dnmt3a-null HSCs by independent bisulfite sequencing. This analysis confirmed hypermethylation of CGIs associated with Basp1, Pdxdc1 and Wbscr17 in Dnmt3a-null HSCs (Fig. 4c) , validating the RRBS data. Although hypermethylation in Dnmt3a-null HSCs is paradoxical, the expression levels of Dnmt1 and Dnmt3b were unchanged (Supplementary Fig. 8 ), leaving the possibility that the aberrant activity of these enzymes in the absence of Dnmt3a could account for this phenomenon.
To examine whether particular gene functional categories were associated with changes in DNA methylation, we grouped DMCs into differentially methylated regions (DMRs) defined by at least three nearby DMCs of the same class, identifying 1,063 hypermethylated DMRs associated with 534 genes and 741 hypomethylated DMRs associated with 434 genes in Dnmt3a-null HSCs (Supplementary Table 6 ). Many of the hypomethylated genes are commonly associated with human hematopoietic malignancies, such as Prdm16, Stat1, Ccnd1, Myc, Mn1, Msi2, Men1, Erg and Runx1, and several were validated by targeted bisulfite sequencing (Fig. 4d) . KEGG pathway and Oncomine concept analyses revealed a significant enrichment A r t i c l e s for hypomethylated genes in the categories of cancer-causal genes (P = 2.76 × 10 −5 ) and gene sets overexpressed in leukemias such as AML (P = 5.25 × 10 −4 ) and acute lymphoblastic leukemia (ALL, P = 2.67 × 10 −6 ) (Supplementary Fig. 9 ).
Multipotency gene upregulation in Dnmt3a-null HSCs
The effects of these altered methylation patterns in Dnmt3a-null HSCs on gene expression were examined using global transcriptional profiling. Using stringent bioinformatic criteria, we identified 516 unique genes differentially expressed between transplanted Dnmt3a-null and control HSCs (225 downregulated and 291 upregulated in Dnmt3a-null HSCs; Supplementary 26 . Changes in expression for several genes from each category were validated by real-time PCR (Fig. 5a) . The concomitant upregulation of HSC multipotency genes and downregulation of differentiation genes may contribute to the bias of Dnmt3a-null HSCs toward self-renewal. Basal gene expression broadly correlated with global methylation patterns in control and Dnmt3a-null HSCs, in that expressed genes tended to have lower overall levels of methylation compared to transcriptionally silent genes (Supplementary Fig. 10a ). However, there was little correlation between changes in methylation and differential gene expression in the mutant HSCs (Supplementary Fig. 10b ).
Other studies have similarly observed a poor correlation in various human disease states 10, 27 . Although the relationship between DNA methylation and gene expression is also dependent on other epigenetic factors and the presence of required transcription factors at specific developmental stages, this finding suggests that the dysregulation of a limited number of key direct targets of Dnmt3a produces a wide array of indirect effects.
We next examined specific genes, linking methylation and gene expression changes to probe the mechanisms behind the loss of differentiation capacity in Dnmt3a-null HSCs. The upregulation of several genes in Dnmt3a-null HSCs relative to control cells might contribute to this phenotype (inhibition of differentiation, enhanced self-renewal, lower proliferative index), including Runx1 (4.3-fold increase), Gata3 (2.3-fold increase) and Nr4a2 (1.9-fold increase). Overexpression of both Gata3 (ref. 19) and Runx1 (ref. 28) in normal HSCs leads to the inhibition of differentiation, and overexpression of Nr4a2 forces HSCs into quiescence 29 . According to the RRBS data, the Runx1 and Gata3 loci contained some of the largest hypomethylated DMRs in Dnmt3a-null HSCs. Independent bisulfite sequencing of these regions showed notable hypomethylation of the associated CGIs (Fig. 5b) . These genes fit into the classic regulatory model, in which decreased methylation leads to increased transcription. The increased expression of Nr4a2 in Dnmt3a-null HSCs relative to control HSCs could not be attributed to hypomethylation, as there was only a marginal decrease in methylation in the CGI in exon 3 of Nr4a2 (Fig. 5b) . Notably, the Gata3 and Runx1 CGIs that were methylated in control HSCs were associated with the gene body rather than with promoter regions; the genes were still highly expressed and their promoters unmethylated in both control and Dnmt3a-null HSCs (Supplementary Fig. 11 ). These data, although on a limited number of genes, support the view that Dnmt3a can affect non-promoter DNA methylation 6 .
A recent study of Dnmt3a-null neural progenitors correlated Dnmt3a target genes with high levels of trimethylation of lysine 4 on histone H3 (H3K4me3), a histone mark indicative of transcriptionally permissive chromatin states 6 . Consistent with their higher expression level, Runx1, Gata3 and Nr4a2 all showed increased H3K4me3 in Dnmt3a-null HSCs in the hypomethylated regions when compared with control cells (Fig. 5c) . To determine whether these genes are direct targets of the Dnmt3a enzyme, we performed chromatin immunoprecipitation (ChIP) with Dnmt3a in wild-type hematopoietic stem and progenitor cells (c-Kit + , lineage − , Sca-1 + ). Strong binding of Dnmt3a was detected for Runx1 and Gata3 but not for Nr4a2 (Fig. 5d) . The data from this small group of genes suggest that the loss of Dnmt3a in HSCs leads to the upregulation of HSC multipotency genes by two distinct mechanisms: (i) regulation 
Dnmt3a represses the stem cell program during HSC differentiation
If Dnmt3a is important for the differentiation of HSCs, we hypothesized that the impact of its loss may also be evident in differentiated Dnmt3a-null progeny. To test this idea, we examined DNA methylation in a representative cell lineage, purifying B cells from secondary transplant recipient mice in which Dnmt3a was ablated but differentiation was still effective. In contrast to our observations in HSCs, the overall level of 5mC was reduced in Dnmt3a-null B cells relative to control B cells (Fig. 6a) . Because we could obtain relatively large numbers of differentiated cells, we used digital restriction enzyme analysis of methylation (DREAM) sequencing 30 to identify at high resolution and independent of bisulfite treatment loci differentially methylated in control and Dnmt3a-null B cells. Analyzing CpGs with >20 reads, differences in methylation of >25% could be detected with a false discovery rate (FDR) <0.07% (Supplementary Table 8 ). Of the 20,365 CpGs with sufficient reads, 282 sites (1.4%) showed >25% hypomethylation in Dnmt3a-null B cells, whereas only 10 sites (0.05%) showed hypermethylation (hypomethylation was above the expected FDR, hypermethylation was not). Unlike in HSCs, Dnmt3a-null B cells showed a net reduction in global methylation and almost all DMCs were hypomethylated (Fig. 6b) . Several of the hypomethylated sites in Dnmt3a-null B cells were associated with genes that in the hematopoietic system are normally expressed primarily in HSCs, including Runx1 and Vasn. These genes were almost completely methylated in control B cells (Fig. 6c) but were largely unmethylated in Dnmt3a-null B cells, which correlated with incomplete gene silencing in the knockout cells (Fig. 6d) . As in the Dnmt3a-null HSCs, these genes also exhibited higher H3K4me3 levels than seen in control cells (Fig. 6e) .
In addition to the hypomethylation of Runx1 and Vasn in B cells, there was a striking enrichment for HSC fingerprint genes, including Mycn, Ptpn14, Prdm16, Pdk4, Vwf and Vldlr (Supplementary Table 8 ). These same genes were upregulated in Dnmt3a-null HSCs (Supplementary Table 7) , and several continued to be expressed in Dnmt3a-null B cells, as determined by real-time PCR (data not shown). This pattern of hypomethylation and residual expression of stem cell-specific genes in B cells suggests that a major role of Dnmt3a in HSCs is to methylate and repress the stem cell program, silencing HSC genes and permitting differentiation. The persistently higher expression of HSC multipotency genes in Dnmt3a-null HSCs may also reinforce the stem cell program, contributing to preferential self-renewal.
To test our hypothesis that Dnmt3a-mediated silencing of the stem cell program permits differentiation, we analyzed the behavior of candidate Dnmt3a-regulated genes following artificial stimulation of differentiation using 5-flurouracil (5-FU), which kills cycling hematopoietic cells, thus forcing HSCs to proliferate and differentiate to replenish the hematopoietic compartment. Six days after 5-FU exposure, HSCs are undergoing maximal proliferation, a state characterized by markedly reduced expression of the regulators of HSC quiescence, such as Nr4a2 and Pbx1 (ref. 31) . At this time, control HSCs showed a significant decrease in the expression of Runx1, Nr4a2 and Vasn when compared to cells at day 0 of 5-FU exposure (Fig. 6e) , coupled with increases in their methylation levels (Fig. 6f) , indicating that the silencing of these genes is concomitant with HSC proliferation replicates, and statistically significant differences in methylation at the two time points are indicated. *P < 0.05, **P < 0.01, ***P < 0.001.
A r t i c l e s and differentiation. In contrast, in Dnmt3a-null HSCs, there was no difference in the methylation or expression levels of these genes at day 0 and day 6 after 5-FU exposure (Fig. 6f,g ).
Exogenous Dnmt3a partially restores Dnmt3a-null HSC function
Finally, we considered whether the aberrant preference toward selfrenewal could be partially corrected in Dnmt3a-null HSCs that had already lost substantial differentiation capacity. Dnmt3a-null HSCs that had been serially transplanted into two mice were transduced with retroviruses coexpressing Dnmt3a and GFP (MSCV-Dnmt3a-IRES-GFP, abbreviated to MSCV-Dnmt3a) or expressing GFP alone (MSCV-GFP) and were transplanted into tertiary recipients. At long intervals after transplantation (>18 weeks), the frequency of HSCs transduced with MSCV-GFP remained at levels near those for Dnmt3a-null HSCs transplanted into tertiary recipients, but the frequency of MSCVDnmt3a-transduced HSCs was substantially reduced, although not quite to the levels seen with control HSCs transplanted into tertiary recipients ( Fig. 7a and Supplementary Fig. 12a) . Moreover, when GFP + HSCs from these recipient mice were purified and cultured in vitro, the colony-forming potential of the Dnmt3a-null HSCs transduced with MSCV-Dnmt3a was indistinguishable from that of control HSCs purified from tertiary recipient mice (Fig. 7b) , whereas Dnmt3a-null HSCs transduced with MSCV-GFP generated higher colony numbers. Restoration of Dnmt3a expression in Dnmt3a-null HSCs was also able to restore the methylation patterns of Vasn and Runx1 in B cells (Fig. 7c) and limit their expression in HSCs and B cells (Supplementary Fig. 12b,c) . Transduction of control HSCs with MSCV-Dnmt3a resulted in a reduction in colony-forming capacity compared to control HSCs transduced with MSCV-GFP alone (Supplementary Fig. 12d) , also suggesting a possible gene dosage effect.
DISCUSSION
Loss of de novo DNA methyltransferases in ES cells leads to a progressive block in differentiation potential. Here we show that this principle also holds true for at least one somatic stem cell, the HSC, although loss of only Dnmt3a is sufficient to cause this phenotype. A previous study, which reported a contrary result 9 , likely missed the phenotype due to less efficient expression of the Cre driver from a retroviral vector and a lack of serial transplantation. The phenotype of Dnmt3a-null HSCs is markedly distinct from that of Dnmt1-null HSCs, which show premature HSC exhaustion and lymphoiddeficient differentiation 7, 8 , indicating distinct roles for the different DNA methyltransferases in HSCs. We show that Dnmt3a has a specific role in permitting HSC differentiation, as in its absence, phenotypically normal stem cells accumulate but progressively lose their differentiation capacity. In the differentiated progeny of Dnmt3a-null HSCs, there is a reduction in global DNA methylation, along with the presence of hypomethylated sites that correlates with increased expression of genes normally restricted to stem cells (HSC multipotency genes). Dnmt3a-null HSCs also downregulate early differentiation factors and are thus retained in the stem cell state by biasing cell divisions toward self-renewal as opposed to differentiation (Fig. 8) . Histone modifications are thought to have a primary and dynamic role in the epigenetic regulation of gene expression during development 32, 33 , with the more stable DNA methylation events having a secondary or 'lock-down' function. However, our data suggest that DNA methylation also has a critical role, at least at some loci, in cell type-specific epigenetic instruction.
At the level of DNA methylation, the Dnmt3a-null HSC phenotype is paradoxical. Despite the dramatic expansion of stem cells, there is no overall change in total methylcytosine level. We see a modest number of differentially methylated regions (1,804 DMRs) that surprisingly represent both increases and decreases in methylation in Dnmt3a-null HSCs, although our methylation profiling strategy interrogates only a fraction of the genome. It is possible that there are relatively few direct targets of Dnmt3a in HSCs, but their dysregulation in Dnmt3a-null HSCs causes widespread indirect changes. Consistent with this hypothesis, we show that Runx1 is a direct target of Dnmt3a in HSCs, and the encoded Runx1 protein has over 5,000 DNA binding sites in hematopoietic stem and progenitor cells 34 . However, it is unlikely that the phenotype of Dnmt3a-null HSCs can be attributed to a single gene but rather a constellation of changes mediated by DNA methylation, histone modification and gene expression.
The lack of correlation between methylation and differential gene expression in Dnmt3a-null HSCs is consistent with other studies 10 A r t i c l e s and is indicative of the complex and still obscure role of DNA methylation. Accumulating evidence suggests that DNA methylation outside of promoter regions may have a major role in gene regulation 6 . The bias of the RRBS strategy and the fraction of the genome sampled may limit our ability to observe DNA methylation changes in the regions that would more readily explain the Dnmt3a-null HSC phenotype. Alternatively, other roles of Dnmt3a may contribute to the phenotype. For example, loss of Dnmt3a may affect the location of 5-hydroxymethylcytosine 35 , the role of which remains to be elucidated. Telomere integrity may also be affected, as Dnmt3a-null ES cells have elongated telomeres 36 , and telomere length can influence the replicative lifespan of HSCs 37 . Finally, Dnmt3a may interact with DNA within a protein complex in HSCs. The function of other proteins in this complex might be compromised in the absence of Dnmt3a.
Despite our currently incomplete understanding, we do observe that alterations in DNA methylation in Dnmt3a-null HSCs are broadly reminiscent of those associated with human malignancies. Hypermethylated CGIs and hypomethylated proto-oncogenes are a hallmark of many cancers [38] [39] [40] , including AML, in which DNMT3A mutations have recently been reported [10] [11] [12] . In this context, it may be surprising that we have not yet observed overt leukemia in mice transplanted with Dnmt3a-null HSCs, even more than a year after quaternary transplantation. Although we see dramatic expansion of the stem cell pool, these cells do not overwhelm the majority of hematopoietic elements in the bone marrow. Hematopoiesis in the transplant-recipient mice is derived mainly from the normal, competitor bone marrow cells. Thus, Dnmt3a deficiency alone appears insufficient to generate AML in this model, and second hits are likely to be required. Furthermore, the Dnmt3a-null status achieved here is distinct from DNMT3A mutation in humans with AML. The distinction could lead to different mechanisms of oncogenic transformation. Nevertheless, this mouse model should serve as a powerful tool to explore the relationship between Dnmt3a loss and the cooperating mutations found in humans with AML.
Although a direct link between mutations in DNMT3A, epigenetic changes and AML oncogenesis remains to be established, this study provides the first mechanistic insight into how Dnmt3a controls normal HSC function. We also show that Dnmt3a loss in HSCs leads to the inhibition of differentiation and the hypomethylation of genes with a causal role in cancer. Although hypomethylation per se may not be oncogenic in stem cells, the inability to shut down stem cell genes during differentiation may drive transformation with a secondary oncogenic event.
URLS. Genome browser tracks and additional data related to this paper are available at http://dldcc-web.brc.bcm.edu/lilab/HSC/; Bioconductor software, http://www.bioconductor.org/; R statistical software, http://cran.r-project.org/.
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ratio of the number of tags starting with CCGGG divided by the total number of tags mapped to a given SmaI site. We used at least 20 sequencing reads to analyze methylation levels at individual SmaI sites. Based on technical replicate experiments (data not shown), we could distinguish differences in methylation of >25% with an FDR of 0.07%.
High-performance liquid chromatography-mass spectrometry (HPLC-MS).
DNA hydrolysis was performed as previously described 45 . Briefly, 1 µg of genomic DNA was denatured by heating at 100 °C. Nuclease P1 (5 U; Sigma) was added and the mixture incubated at 37 °C for 2 h. A 1/10 volume of 1 M ammonium bicarbonate and 0.002 U of venom phosphodiesterase 1 (Sigma) were added to the mixture and the incubation continued for 2 h at 37 °C. Next, 0.5 U of alkaline phosphatase (Roche) was added and the mixture incubated for 1 h at 37 °C. Before injection into an Agilent Zorbax Eclipse XDB-C 18 4.6 × 50-mm column (3.5-µm particle size), the reactions were diluted with water to dilute out the salts and enzymes. Liquid chromatography separation was performed at a flow rate of 220 µl min −1 . Quantification was performed using a LC-ESI-MS/MS system in the multiple reaction-monitoring (MRM) mode as described 46 .
Chromatin immunoprecipitation and real-time PCR. ChIP was performed as described previously 46 . FACS-sorted cells were used as a source of chromatin. Antibodies used included IgG control (sc-2027; Santa Cruz Biotechnology) and antibodies to H3K4me3 (07-473; Millipore) and Dnmt3a (64B1446; Abcam). The immunoprecipitated DNA was quantified by using real-time PCR with SYBR Green dye on an ABI Prism 7000 system (Applied Biosystems). All PCR signals from non-immunoprecipitated samples were referenced to their respective input to normalize for differences in cell number and for primer efficiency. The sequences for the primers used in this study are provided in Supplementary Table 9 .
Reduced representation bisulfite sequencing (RRBS). Genomic DNA (50-100 ng) was digested with 10 U MspI (NEB), which cuts at CCGG sites in a methylation-insensitive manner 47 . Digested fragments were end repaired, A tailed and ligated to Illumina adaptors. End repair and 3′ adenylation was performed in a 50-µl reaction volume containing 4 mM 5′ methylated dCTP, 4 mM dGTP, 40 mM dATP and 10 U of 3′-to-5′ exo-Klenow DNA polymerase and incubated at 30 °C for 20 min followed by 20 min at 37 °C. Adaptor ligation was performed in 50-µl reactions containing 300 mM pre-methylated adaptors and 1,000 U of T4 DNA polymerase and incubated at 16 °C overnight. Adaptor-ligated DNA was subjected to size selection on a 3% NuSieve 3:1 agarose gel. DNA marker lanes were excised from the gel and stained with SYBR Gold (Invitrogen). Slices of 160-350 bp were excised from the unstained gel and purified using MinElute spin columns (Qiagen). Size-selected fragments were bisulfite treated using the EpiTect Bisulfite Kit (Qiagen), with the minor modification that five additional cycles (5 min at 95 °C followed by 90 min at 60 °C) were included. After bisulfite conversion, DNA was eluted in 40 µl of elution buffer, and 0.8 µl of DNA was used for analytical PCR to determine the minimum number of PCR cycles required to obtain enough material for sequencing. Final PCR products were purified on MinElute columns, assessed on 4-20% polyacrylamide Criterion Tris-buffered EDTA (TBE) gels (Bio-Rad) and quantified using a Qubit fluorometer (Invitrogen). The libraries were sequenced on the Illumina Genome Analyzer II.
Sequences were identified by standard Illumina base-calling software. After qualify control filtering 16, 17 , the RRBS reads were mapped to the mouse genome (mm9) using RRBSMAP 48 software. Three biological samples were subjected to RRBS for each genotype, and the two replicates with the highest correlation were chosen for analysis (the final DNA methylation map is the composite of two replicates). The P value and difference of methylation ratios for each covered CpG were calculated using Fisher's exact test. DMCs were defined such that the adjusted P value is <0.05 and the methylation ratio difference is ≥0.33. Candidate DMRs were first selected as regions with at least three consecutive DMCs in the same methylation class (for example, all hypomethylated DMCs or all hypermethylated DMCs), and the distance between any two consecutive DMCs had to be <300 bp. We assigned a DMR to a RefSeq gene as long as the DMR was located between 1 kb upstream of the transcription start site and 1 kb downstream of the transcription termination site of the gene.
Bisulfite PCR sequencing. Bisulfite PCR was performed as described previously 49 . Genomic DNA (2 µg) was denatured with 0.2 M NaOH at 37 °C for 10 min followed by incubation with 30 µl of freshly prepared 10 mM hydroquinone and 520 µl of 3 M sodium bisulfite (pH 5.0) at 50 °C for 16 h. DNA was purified on a Wizard Miniprep Column (Promega), desulfonated with 0.3 M NaOH at 25 °C for 5 min, precipitated with ammonium acetate and ethanol and dissolved in 50 µl of Tris-EDTA buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Bisulfite-treated DNA (40-80 ng) was amplified with gene-specific primers in a two-step PCR. PCR products from the second step were cloned into the pCR4-TOPO vector (Invitrogen), transformed into competent bacteria and sequenced. Sequences for the primers used in this study are provided in Supplementary Table 9. Statistics. Student's t tests and one-way ANOVA were used for statistical comparisons where appropriate.
